Aceruloplasminemia is a rare autosomal recessive disease first reported by Miyajima et al. (Neurology 37: 761-767, 1987); it is clinically characterized by diabetes mellitus, retinal degeneration and neurological abnormalities, such as cerebellar ataxia, extrapyramidal signs and dementia. Aceruloplasminemia is caused by mutations in the ceruloplasmin gene, which results in the absence of serum ceruloplasmin and iron overload in the brain, liver, pancreas and other organ tissues. However, little is known about endocrine diseases associated with aceruloplasminemia. We report herein a case of aceruloplasminemia accompanied by central diabetes insipidus and hypothalamic hypothyroidism.
Introduction
Aceruloplasminemia is an autosomal recessive disorder of iron metabolism, first reported by Miyajima et al (1) . This disease is clinically characterized by the triad of retinal degeneration, diabetes mellitus and neurological symptoms, including ataxia, involuntary movements and dementia (2) .
Ceruloplasmin (CP) is the major copper-carrying protein containing more than 95% of the copper in plasma. CP plays a role in the mobilization and oxidation of iron from tissue stores with subsequent incorporation of ferric iron into transferrin (3) . Although CP is mainly synthesized in the liver, the CP gene is widely expressed in many organs, including the central nervous system (4) . CP deficiency induces iron accumulation in the liver, pancreas, central nervous system and other organs (2) .
Aceruloplasminemia is caused by mutations in the CP gene, which encodes CP (5) . To date, more than 30 aceruloplasminemia-causing mutations have been identified (6, 7) . More than half of the mutations in the CP gene are truncated types, leading to the formation of a premature stop codon, and those result in formation of a protein lack-ing copper-binding sites presumed to be critical for enzymatic function (6) . Therefore, molecular analysis of the CP gene is crucial for the diagnosis of aceruloplasminemia.
Diabetes mellitus often precedes neurological abnormalities in aceruloplasminemia. However, in the typical cases, aceruloplasminemia is not diagnosed until progressive neurological abnormalities are apparent (8) (9) (10) . Furthermore, endocrine complications associated with aceruloplasminemia are rarely reported with one exception of primary hypothyroidism in Japan (11) . We report herein a case of aceruloplasminemia accompanied by insulin-dependent diabetes mellitus, central diabetes insipidus and hypothalamic hypothyroidism without retinal degeneration and neurological abnormalities. Table 1) . At first, we suspected secondary diabetes mellitus caused by pancreatic disease because of his early onset insulin-dependent diabetes (fasting serum Cpeptide: 0.28 ng/mL, C-peptide level 6 minutes (min) after 1 mg of glucagon injection: 0.56 ng/mL) without autoimmune antibodies (GAD antibody<0.3 U/mL, IA-2 antibody<0.4 U/ mL). Abdominal computed tomography (CT) showed not only atrophy and lipoid-change of the pancreas but also high absorbance in the liver ( Fig. 1A ), suggesting hepatic iron overload. Iron accumulation in primary liver cells confirmed by a liver biopsy was a step in making a diagnosis of either primary hemochromatosis or primary iron storage disease, such as aceruloplasminemia ( Fig. 1B) . Laboratory findings showed that his serum CP was below the detection level (21-37 mg/dL), his serum iron concentration was 32 μg/dL (54-181), his transferrin saturation was 22% (45-60%), his serum ferritin concentration was 961 ng/ dL (43-360) and his serum copper concentration was 2 μg/ dL (68-128). T2-weighted magnetic resonance imaging (MRI) of the brain showed abnormal low intensities in the putamen, thalamus, caudate nucleus (Fig. 1C ), and dentate nucleus ( Fig. 1D ), reflecting iron accumulation in the brain.
T a b l e 1 . L a b o r a t o r y F i n d i n g s o n Ad mi s s i o n
We diagnosed him as secondary diabetes mellitus induced by aceruloplasminemia, and employed daily multiple injections of insulin. Neurological abnormalities were absent, and opthalmologic examination revealed neither diabetic retinopathy nor retinal degeneration.
Although his glycemic control improved after starting insulin therapy, his polydipsia and polyuria of 4,000 mL/day persisted. Further examinations were made to investigate the cause of the polyuria. To determine the function of the pos-terior pituitary, a 5% hypertonic saline infusion test was done. While the serum sodium concentration increased from 143 to 149 mmol/L, the plasma arginine vasopressin (AVP) changed in the range of 1.5-2.1 pg/mL (Table 2A ). To elucidate the renal response to AVP, 10 μg of synthetic AVP was given intramuscularly, and a sufficient response was observed (Table 2B ). An innate high intensity in the posterior pituitary was not detected on T1-weighted MRI (Fig. 1E ). Finally, we diagnosed this polyuria as central diabetes insipidus, and administered 10 μg/day of desmopressin acetate (DDAVP). His urinary output consequently decreased to 1,500 mL/day.
On the other hand, as the patient was complaining about mild fatigue, we checked his basal hormone levels. Laboratory findings were as follows: serum cortisol level, 7.9 μg/ dL (4.0-18.3); plasma adrenocorticotropic hormone (ACTH) level, 62.7 pg/mL (7.2-63.3); serum free triiodothyronine (T3) level, 1.46 pg/mL (2.3-4.3); serum free thyroxine (T4) level, 0.67 ng/dL (0.9-1.7); serum thyrotropin (TSH) level, 1.87 μlU/mL (0.5-5.0); serum growth hormone (GH) level, 0.50 ng/mL (<0.17); serum insulin-like growth factor 1 (IGF-1) level, 164 ng/mL (41-272); serum lutenizing hormone (LH) level, 0.97 mIU/mL (1.8-5.2); serum follicle stimulating hormone (FSH) level, 3.59 mIU/mL (2.9-8.2); serum testosterone level, 4.42 ng/mL (2.07-7.61); and serum prolactin level, 9.51 ng/mL (3.58-12.78). Although we at first suspected that abnormalities of thyroid function were due to nonthyroidal illness, these inappropriate levels continued after improvement of glycemic control (serum free T3: 1.91 pg/mL, serum free T4: 0.64 ng/dL, serum TSH: 3.03 μlU/mL). To investigate the existence of central hypothyroidism, a thyrotropin-releasing hormone (TRH) loading test was done. His serum TSH concentration increased from 1.31 μlU/mL at 0 min to 8.73 μlU/mL at 30 min, 9.43 μlU/ mL at 60 min, 9.01 μlU/mL at 90 min and 8.16 μlU/mL at 120 min (normal time of maximum: 30 min), and his serum T3 concentration changed from 0.88 ng/mL at 0 min to 1.02 ng/mL at 120 min (normal rate of increase: 30% or greater
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A B C D E above basal level). These data indicated a delayed response of TSH and a blunted response of T3, suggesting the existence of hypothalamic hypothyroidism. Thus, we treated him with 25 μg of levothyroxine sodium (T4-Na), but he showed no improvement after therapy.
To determine the function of the hypothalamus, an insulin tolerance test (ITT) was performed. Insulin-induced hypoglycemia with intravenous injection of 0.1 IU/kg regular in-sulin increased his serum GH and plasma ACTH levels (data not shown).
After obtaining written informed consent, molecular analysis of the CP gene was performed at Hamamatsu University School of Medicine. Sequencing analyses of genomic DNA showed a 5-bp insertion at amino acid 446 in exon 7 of the CP gene (nt1286 TACAC ins), resulting in a frameshift mutation and premature stop codon. 
T a b l e 2 . Hy p e r t o n i c S a l i n e I n f u s i o n T e s t ( A) a n d AVP T e s t ( B )

Discussion
Aceruloplasminemia is one of the iron overload diseases characterized by the absence of serum CP, low serum iron, and low serum copper (1) . While the histopathologic features of the liver are comparable (12) , aceruloplasminemia is distinguished from hemochromatosis by having low transferrin saturation (<45%) and an undetectable level of CP in cases of anemia and/or neurological symptoms (13) . Another apparent difference from hemochromatosis is iron accumulation in the brain in aceruloplasminemia (2) . Although hemochromatosis is one of the most common genetic disorders in Western countries (13) , aceruloplasminemia has been reported mainly in Japan. The incidence of a homozygote with aceruloplasminemia in the Japanese population is estimated to be approximately 1 per 2,000,000 for nonconsanguineous marriages (14) .
Aceruloplasminemia is clinically characterized by diabetes mellitus, retinal degeneration and neurological abnormalities such as cerebellar ataxia, extrapyramidal signs and dementia (2). Muroi et al (9) suggested that aceruloplasminemia should be considered in patients with insulin-dependent diabetes mellitus who develop progressive neurological abnormalities. In addition, our findings suggested that CT and MRI are potential tools for differentiating aceruloplasminemia-induced diabetes from other types of insulin-dependent diabetes.
None of the endocrine diseases except primary hypothyroidism have been reported in aceruloplasminemia (11) . Because iron accumulation in the brain is characteristic of aceruloplasminemia (2), it is natural that the synthesis or secretion of hypothalamic hormones could be impaired due to iron accumulation in the hypothalamus as in the present case. AVP is synthesized within the neurons of hypothalamus and released into the circulation from the nerve endings in the posterior pituitary (15) . Rapid secretion of AVP is mainly controlled by plasma osmolality (15, 16) . This stimulus is sensed at the osmoreceptors in the hypothalamus, and then transferred to the AVP-synthesizing neurons (16) . TRH secreted from the hypothalamus regulates the synthesis and release of TSH in the anterior pituitary gland, and TSH regulates the synthesis and output of thyroid hormones in the thyroid gland (17) . CP is mainly produced by astrocytes in the central nervous system (4) , and plays an essential role for iron metabolism (18) . Lipid peroxidation and mitochondrial dysfunction caused by free radicals due to iron accumulation are also thought to be a part of the pathogenesis of organ injuries in aceruloplasminemia (2) . Although iron deposits were reported to be localized in the pituitary gland and thalamus but not in the hypothalamus from the autopsy specimens of aceruloplasminemia (19, 20) , the existence of CP-specific transcripts has been demonstrated in multiple brain regions, including the hypothalamus (4). Therefore, a deficiency of CP could induce iron deposits in the hypothalamus and impair the synthesis or secretion of AVP and TRH, causing central diabetes insipidus and hypothalamic hypothyroidism. In the present case, a 5% hypertonic infusion test showed an insufficient increase of plasma AVP level against appropriate increase of plasma osmolality. These data suggest that the osmoreceptors or the input from the osmoreceptors to AVP-synthesizing neurons, usually controlling AVP release, were damaged by iron accumulation in the hypothalamus. On the other hand, it is reported that the TSH release response to TRH is delayed, exaggerated or prolonged (21) , and that T3 release response to TRH does not increase (22) in patients with hypothalamic disorders, demonstrating the secretion of biologically inactive TSH (23) . In the present case, TRH loading test resulted in a delayed response of TSH and a blunted response of T3, suggesting the existence of hypothalamic hypothyroidism.
The function of the other hypothalamic hormones, as seen from the results of ITT conducted to evaluate hypothalamic function, was not affected in the present case. Iron accumulation may accidentally be serious in the neurons synthesizing AVP and TRH, or tend to occur in those neurons. Moreover, while the distribution pattern of iron deposition is the same in the reported cases, the degree of iron deposition is varied (24) . Thus, the clinical onset and manifestations could vary among the patients with aceruloplasminemia. This is, to our knowledge, the first case report of aceruloplasminemia accompanied by endocrine complications, such as central diabetes insipidus and hypothalamic hypothyroidism. We must keep in mind that endocrine diseases may be the clinical manifestations in aceruloplasminemia with insulin-dependent diabetes mellitus but without neuro-logical abnormalities. Additional cases are necessary for further investigation of the clinical manifestations in aceru-loplasminemia.
